Because of their highly defined chemical structure and globular shape, dendrimers are very attractive as base materials to be used in the production of nanomaterials for applications in various fields. Therefore, many attempts have been made to develop functional materials using dendrimers. This review specifically examines dendrimer-based nanomaterials intended for application to the biomedical field. The design, preparation and function of bionanomaterials, using various strategies such as surface modification, assembly and hybrid formation, are described briefly along with their potential applications.
INTRODUCTION
Dendrimers are a family of synthetic polymers with a regularly branched tree-like structure. [1] [2] [3] [4] Such a highly branched backbone gives dendrimers a globular shape that provides both a surface with certain properties and an interior that is capable of encapsulating guest materials. Furthermore, because molecular chains of dendrimers are grown stepwise by repeatedly introducing branch structures to their chain ends, their molecular size and structure can be controlled precisely. Uniformity at the molecular level and a high controllability of the molecular structure and properties make dendrimers highly attractive nanomaterials for application to various fields, including biomedical fields. [5] [6] [7] [8] It is necessary to give various functions to dendrimers to increase their usefulness considering their applications. One efficient approach to the functionalization of dendrimers is the attachment of functional groups to the chain ends of dendrimers. Dendrimer molecules have many chain terminals, which are located on their periphery. Therefore, if functional moieties are incorporated into these chain terminals, then crowding of these moieties can occur on the dendrimer surface, which might result in the amplification of these functions and/or the creation of new functions. Another efficient method to impart functions to dendrimers is hybrid formation with functional materials. The ability of dendrimers to encapsulate various guest materials enables complex formation with various functions, producing functional dendrimer-based hybrids. In addition, the defined molecular shape of dendrimers is beneficial to the components of the assemblies of highly ordered structures. Dendrimer-based assemblies may lead to the creation of new types of molecular assemblies with controlled morphologies. In this review, our efforts to develop functional dendrimer-based nanomaterials for biomedical applications, such as drug delivery, are described according to surface modification, hybrid formation and assembly strategies.
POLY(ETHYLENE GLYCOL)-MODIFIED DENDRIMERS AS NANOCONTAINERS WITH BIOCOMPATIBLE SURFACES
In terms of their use as biomaterials, dendrimers must have high biocompatibility. The toxicity of dendrimers is known to be affected strongly by their terminal groups. For example, poly(amidoamine) (PAMAM) dendrimers with primary amine terminal groups are toxic to various cells. However, dendrimers having the same backbone but different terminal groups, such as hydroxyl and carboxyl groups, exhibit much lower cytotoxicity. 9 These findings suggest that the terminal groups of dendrimers have a central role in control of their cytotoxicity, most likely because the dendrimer backbone is covered by terminal groups. It is well established that surface modification with poly(ethylene glycol) (PEG) can provide excellent biocompatibility to nanoparticles (NPs) of various types, including polymeric micelles and liposomes. 10 In particular, the high colloidal stability and long-term circulating properties of PEG-modified NPs in the bloodstream are of importance in terms of their use for targeted drug delivery because NPs with these properties can accumulate in target tumor tissues through so-called enhanced permeability and retention effects. Therefore, surface modification with PEG has been employed for dendrimers of various types to allow for their biological use. We have shown that PEG chains can be attached to all chain ends of PAMAM G3 and G4 dendrimers by the reaction of amine-terminated dendrimers and methoxy-PEG-4-nitrophenyl carbonate (Figure 1 ). 11 Dendrimers of various types are shown to be capable of encapsulating small guest molecules. Indeed, PAMAM dendrimers can encapsulate various molecules. However, their encapsulation capability varies depending on the chemical structure of guest molecules. In general, PAMAM dendrimers exhibit high encapsulation abilities toward molecules that have a hydrophobic backbone and negatively charged groups, such as benzoic acid 12 and rose bengal, 13 which can interact strongly with the PAMAM backbone through hydrophobic interaction and electrostatic interaction. We examined the effects of dendrimer generation and PEG chain length on the encapsulation ability of PEG-modified dendrimers for typical antitumor drugs, such as methotrexate and doxorubicin. As shown in Table 1 , the dendrimers of higher generation with longer PEG chains exhibited higher encapsulation ability for both drugs, most likely because of the space created by their larger dendrimer interior and the larger hydration layers formed by PEG chains. 11 In addition, PEG-modified PAMAM dendrimers exhibited higher encapsulation ability toward methotrexate, which has two carboxyl groups in the molecule, compared with doxorubicin. Their drug-release behaviors were also examined. When dialyzed against saline, the methotrexate-loaded PEG-modified PAMAM dendrimers released the drug quickly, indicating that their capability of retaining drug molecules might not be sufficient to deliver drugs to their target tissue efficiently.
PEG-MODIFIED PAMAM DENDRIMERS WITH FUNCTIONAL SHELLS
Several strategies can be used to improve the performance of dendrimers as nanocontainers. One possible approach is to modify the dendrimer backbone structure to increase its affinity to drug molecules. Indeed, the quaternization or hydrophobic modification of the dendrimer backbone is possible. In fact, the increase of hydrophobicity in the dendrimer backbone was shown to improve the encapsulation ability of dendrimers greatly. 14 Another approach is the construction of a shell onto the dendrimer surface, suppressing or controlling the diffusion of the drug molecules from the dendrimer interior to the outside of the dendrimer. For example, attachment of protected amino acids onto poly(propyleneimine) (PPI) dendrimers generates a densely packed shell that locks guest molecules in the dendrimer interior. 15 Considering previously reported results, we incorporated shell structures consisting of hydrophobic amino acids, such as phenylalanine (Phe) and glutamic acid-g-benzyl ester (Glu(OBzl)), onto the surface of PAMAM dendrimer moiety (Figure 2a,b) . 16 The molecular weights and diameters of PEG-modified PAMAM G4 dendrimers with the shell of Phe or Glu(OBzl) residues, as well as those for the parent dendrimer without amino-acid residues, are presented in Table 2 . Theoretically, dendrimers having amino-acid residues can be expected to have higher molecular weights than PEG-modified dendrimers without amino-acid residues. However, these aminoacid-incorporated PEG-modified dendrimers were smaller in size, which indicates that amino-acid residues attached to the dendrimer periphery moiety interact through hydrophobic interaction and form a shell, making the dendrimer chains more compact.
The shell consisting of hydrophobic amino-acid residues improved the performance of the PEG-modified dendrimer as a nanocontainer. Table 3 shows the binding constant and the number of binding sites of the PEG-modified PAMAM G4 dendrimers with and without the amino-acid shells for rose bengal. These dendrimers exhibited much larger binding constant values, and the number of binding sites at a pH of 5.0 is much greater than that at a pH of 7.4 because protonation of tertiary amines in the dendrimer interior increased the capability of the dendrimers to bind to negatively charged rose bengal molecules. The comparison of the binding capability among these dendrimers at the same pH shows that the binding constant greatly increased for the dendrimers with the shell, although these dendrimers showed similar binding site quantities, suggesting that the shell can cause the guest molecules to be more tightly bound to the dendrimer chain. In addition, the hydrophobic amino-acid shell can effectively suppress the release of rose bengal from the dendrimer interior at a pH of 3, where the PEG-modified dendrimer without a shell released the guest molecules quickly. 16 Another approach to the construction of a shell on the dendrimer periphery is through the linking of the polymerizable groups on the dendrimer surface. Zimmerman et al. 17 demonstrated that the ringclosing polymerization of vinyl groups attached to the chain terminals of poly(arylether) dendrimers can be induced within a single dendrimer molecule when polymerization is performed under dendrimer-diluted conditions, 18, 19 and they used this method to create a shell on the dendrimer surface to achieve monomolecular imprinting inside dendrimers. 17 We also attempted to produce a shell by linking methacryloyl groups attached to the periphery of the dendrimer moiety of the PEG-modified PAMAM G4 dendrimer. Methacryloyl groups were combined to side chains of L-lysine residues of the L-lysine shell-incorporated PEG-modified dendrimer ( Figure 2c ). These polymerizable groups were actually linked within a single dendrimer molecule using free radical polymerization because intermolecular polymerization may be prohibited sterically by PEG chains grafted to the dendrimer surface. 20 When the polymerization Table 3 Binding constants and numbers of binding sites of dendrimers for rose bengal Dendrimer-based bionanomaterials K Kono was performed for the same dendrimer encapsulating 10 rose bengals per dendrimer, the obtained dendrimer retained the guest molecule tightly. Although the number of the rose bengal entrapped in a dendrimer was 0.4 per dendrimer, the result suggests that the linking of chain terminal of dendrimers might be applied to physically lock guest molecules inside the dendrimer. When the dendrimers are combined with a shell whose formation and dissociation are controlled in response to stimuli irradiation or environmental change, the resultant dendrimers are expected to exhibit stimulus-responsive or environment-responsive properties. Based on this idea, we attached L-cysteine residues onto the dendrimer surface moiety of PEG-modified PAMAM G4 dendrimer (Figure 2d ). 21 A thiol group of a cysteine side group can form a disulfide linkage with the thiol group of an adjacent cysteine residue in an oxidative environment, resulting in the formation of a dense shell. However, in a reductive environment, the disulfide linkage is cleaved to generate thiol groups. In fact, PEG-modified dendrimers that have a shell of linked cysteine residues exhibited a more than 10-fold greater binding constant in the presence of the reductive reagent dithiothreitol compared with the oxidative environment in the absence of dithiothreitol. These findings indicate that the introduction of a shell onto the dendrimer surface is an efficient approach to the production of nanocontainers with various functions.
TEMPERATURE-SENSITIVE DENDRIMERS BY SURFACE MODIFICATION
Polymers with stimulus-sensitive properties have been used widely for the production of functional materials with applications in various fields, including biomedical fields. For example, stimulus-sensitive NPs are studied intensively for their use as drug delivery systems because their functions can be controlled by the application of stimuli from outside the body. Indeed, if stimulus-sensitive properties are provided to dendrimers, then the range of their application fields is expected to be expanded greatly, and their usefulness as functional nanomaterials is also expected to increase dramatically. From the viewpoint of stimulus-sensitivity, several studies have been conducted using dendrimers. Indeed, widely used PAMAM dendrimers and PPI dendrimers have pH-sensitive tertiary amine groups in their respective backbones. Therefore, these dendrimers behave as pH-sensitive nanocontainers. [22] [23] [24] In addition, photosensitive moieties, such as photoisomerizable azobenzene 25 and photocleavable o-nitrobenzene 26 residues, were attached to the chain terminal of PPI or PAMAM dendrimers to provide photosensitive dye molecule encapsulation or drug-release properties to these dendrimers.
Temperature is a useful, safe and readily applicable stimulus from a practical viewpoint. Therefore, many attempts have been made to provide thermosensitive properties to various NPs, such as polymeric micelles 27, 28 and vesicles. [29] [30] [31] These thermosensitive systems have usually been prepared using thermosensitive polymers, which change the water solubility depending on temperature, 32 and one particular example is poly(N-isopropylacrylamide) [poly(NIPAAm)], which exhibits a lower critical solution temperature (LCST) at ca. 32 1C. 33 This polymer is highly soluble in water at a low temperature, but it becomes water insoluble above the LCST. In addition, the LCST of such thermosensitive polymers can be changed by copolymerization with a comonomer of appropriate hydrophilicity or hydrophobicity. 34, 35 Thermosensitive polymers have also been used to provide temperature-sensitive properties to dendrimers. Dendrimers of various types were combined with thermosensitive polymers using various synthetic methods. For example, poly(NIPAAm)-grafted PPI dendrimers were prepared using free radical polymerization of NIPAAm with a thiol-terminated dendrimer as a chain transfer reagent. 36 Reversible addition-fragmentation chain transfer (RAFT) polymerization of NIPAAm using dithiobenzoyl group-terminated dendrimers as a RAFT reagent was also utilized for the preparation of dendrimers having poly(NIPAAm) chains with controlled chain length. 37 Similarly, thermosensitivepoly(N,N-dimethylaminoethyl methacrylate) chains were grafted onto a PAMAM dendrimer via atom transfer radical polymerization. 38 In addition, poly(NIPAAm) with 4-nitrophenyl-carbonate-activated terminal was reacted with amine-terminated PAMAM dendrimers to obtain temperaturesensitive dendrimers. 39 These thermosensitive polymer-attached dendrimers exhibit temperature-controlled functions such as particle size, 37 catalytic activity 36 and drug-release behaviors. 38, 39 However, dendrimers of this type are expected to exhibit a lowering of their structural uniformity. Their molecular shape might be star-like rather than spherical. Their thermosensitive properties indeed originated from their thermosensitive polymer chains. Consequently, thermosensitive dendrimers of this type necessarily spoil these important features of dendrimers.
We have found another method to render dendrimers temperaturesensitive without disturbing their molecular uniformity: surface modification with thermosensitive groups (Figure 3) . 40 Because the interaction of the side groups of thermosensitive polymers has an important role in the generation of their thermosensitive properties, the attachment of these groups to the chain terminals of dendrimers is expected to induce close contact of these groups, generating the thermosensitive surface of the dendrimers. Because the isobutyramide (IBAM) group is the side group of poly(N-vinyl isobutyramide), which is a thermosensitive polymer with a LCST of ca. 39 1C, 41 we incorporated the IBAM group into every chain end of the PAMAM dendrimers. As presented in Figure 4 , the IBAM-terminated PAMAM G2 dendrimer was soluble in water in the experimental temperature region, but those of higher generations exhibited a cloud point at a specific temperature, which is indicative of the LCST. Additionally, it is apparent that the cloud point of these dendrimers decreased concomitantly with increasing dendrimer generation. The dendrimer with a higher generation should have a surface with a higher density of IBAM groups. Therefore, more efficient interaction between the IBAM groups might cause their dehydration at a lower temperature.
Surface modification with IBAM groups was applicable for temperature sensitization to dendrimers of other types. For example, IBAM groups were attached to all terminals of the PPI G4 and G5 dendrimers. These IBAM-terminated dendrimers also exhibited an LCST, but their LCST was lower by 30-40 1C than that of the PAMAM dendrimers with the same quantities of the terminal groups. 40 PPI dendrimers have a smaller molecular size than PAMAM dendrimers of the same number of chain terminals. Therefore, the density of IBAM groups in the dendrimer periphery is expected to be higher for IBAM-terminated PPI dendrimers than for the corresponding IBAMterminated PAMAM dendrimers, indicating that the interaction of the IBAM groups in the dendrimer periphery is responsible for the generation of temperature-sensitive properties.
The LCST of thermosensitive polymers with linear structure, such as poly(N-alkylacrylamide)s and poly(N-vinylalkylamide)s, is well known to be affected by the chemical structure of side groups, 42, 43 as is also the case for the thermosensitive dendrimers with globular structure. For example, PAMAM G4 dendrimers having n-butyramide groups, IBAM groups and cyclopropane-carbamide groups on the surface exhibited LCST at 45, 61 and 15 1C, 44 respectively. When terminal groups of two types were attached to the PAMAM dendrimers, the resultant dendrimers showed LCST at different temperatures, depending on their terminal group composition, indicating that dendrimers that exhibit temperature sensitivity at a desired temperature are obtainable by controlling the composition of the terminal groups.
Fundamentally, it is of interest to understand how differently the globular shape of these thermosensitive dendrimers influences their thermosensitive property compared with that of the linear polymers. A significant difference was found for their endotherm at the LCST. 45 Thermosensitive polymers such as poly(NIPAAm) are known to exhibit a large endotherm at the LCST, which is explained by the release of structured water around hydrophobic isopropyl groups upon structural transition from a hydrated coil to a dehydrated globule at the LSCT. 33, 34 We compared thermosensitive properties of PAMAM dendrimers having N-isopropylamide (NIPAM) groups on all chain terminals with those of poly(NIPAAm) and NIPAAm copolymers, which revealed that both these polymers and dendrimers similarly exhibited a sharp water-solubility change at a specific temperature ( Figure 5 ). 45 However, NIPAM-terminated dendrimers exhibited much lower transition enthalpies at the LCST than did the NIPAM-bearing linear polymers. The NIPAM-bearing linear polymers' large conformational freedom enables the efficient hydration of the NIAPM groups below the LCST and the efficient association of the NIPAM groups above the LCST, whereas the NIPAM-terminated dendrimers with low conformational freedom might generate dense packing of the NIPAM groups in the periphery, which engenders insufficient hydration below the LCST and insufficient dehydration above the LCST. The surface modification of dendrimers with thermosensitive groups enables the generation of a new type of thermosensitive polymers that undergo a sharp transition by dehydration of the peripheral moiety without a large conformational change in the whole molecule. 45 These thermosensitive dendrimers can change surface hydrophilicityhydrophobicity in response to temperatures by the retention of guest molecules in their interior. 46 Such a function might expand dendrimers' potential applications as smart nanomaterials and increase their usefulness.
To date, several types of thermosensitive dendrimers exhibiting LCST have been prepared through the surface modification of dendrimers with various groups. These include hydrophobic aminoacid residues, such as L-phenylalanine and L-leucine residues 47 and carborane. 48 In addition, surface modification has been applied to provide temperature-sensitive properties to hyperbranched polymers of various backbone structures including polyamidoamines, 49 poly(ethyleneimine) 50, 51 and poly(glycidol). [52] [53] [54] [55] As another type of thermosensitive polymers, dendrimers and hyperbranched polymers consisting of thermosensitive polyether backbones have also been developed. 56, 57 Dendrimer-based bionanomaterials K Kono
DENDRIMER-BASED AMPHIPHILES FOR FUNCTIONAL MOLECULAR ASSEMBLIES
Molecular assemblies, such as vesicles and micelles, are widely used and important nanomaterials in biomedical applications, such as in drug delivery. These systems are formed by amphiphiles in aqueous media through their hydrophobic interaction. In general, the characteristics of the molecular assemblies, such as size, stability and morphologies, are affected by the chemical structures of the amphiphiles that are used as the components. 58 Therefore, the design of the amphiphiles might be an efficient approach to the production of molecular assemblies with excellent performance. Dendrimer-based amphiphiles are attractive as components of molecular assemblies because of the large freedom in their molecular design from the perspectives of size control, molecular shape and physicochemical properties. 59 Amphiphilic molecules of various types have been prepared for the formation of molecular assemblies in aqueous solutions. For example, PPI dendrimers terminally functionalized with aliphatic chains have been shown to form vesicles because these cylindrical amphiphilic dendrimers associate through hydrophobic interaction and form bilayer membranes. 60, 61 In addition, hybrid molecules consisting of hydrophilic dendron and hydrophobic linear polymers have been prepared. These amphiphilic macromolecules have been shown to form micelles and vesicles, depending on the balance between the dendron and linear polymer moieties. 62, 63 As a dendrimer-based amphiphile, we have developed a new type of lipid consisting of a head group of a PAMAM dendron and two tails of hydrophobic alkyl chains. 64, 65 The selections of the generation of a PAMAM dendron moiety and alkyl chain length afford dendronbearing lipids of varying head-to-tail balances. 64, 65 In addition, the surface modification of the dendron moiety can provide dendronbased lipids with various functional characteristics, such as multi-PEG chains for improved colloidal stability 66 or sugar residues for targetspecific properties. 66 These dendron-based lipids are useful as potent vectors for gene transfection because these molecules form complexes with plasmid DNA through electrostatic interaction and interact strongly with cells. In fact, these dendron-lipid-plasmid DNA complexes, which are taken up efficiently by various cells types, engender gene expression. [64] [65] [66] [67] When dendron-based lipids having functional groups on the dendron chain ends were used, these functional groups allowed for the formation of a highly concentrated surface by virtue of their assembly formation. According to this approach, thermosensitive vesicles of a new type are obtained using IBAM-terminated PAMAM dendron-lipids ( Figure 6 ). 68 In aqueous solutions, these IBAMterminated dendron-lipids form vesicles through the hydrophobic interaction of their long alkyl chains, generating a thermosensitive IBAM-concentrated surface on the vesicles. In fact, the IBAMterminated G2 and G3 dendron-lipids form vesicles with diameters of 50-100 and 100-200 nm, respectively, at low temperatures, but these vesicles become unstable and form aggregates at approximately 40 and 50 1C, respectively. It is particularly interesting that the morphology of the IBAM-terminated G2 dendron-lipid vesicles transformed into a rod-like shape after aggregation. Most likely, the dehydration of the dendron moiety induces a change in the dynamic molecular shape of the dendron lipid from cylindrical to truncated-conic, which are suitable for lamellar formation and inverted rod-like micelle formation, respectively. 58 In contrast, the IBAM-terminated G3 dendron-lipid vesicles retain vesicular shape aggregation, but their size increased, most likely because of the fusion of the vesicles.
Practically, it is important to control the temperature region in which the dendron-based lipid vesicles exhibit their response, and this can be achieved by mixing the dendron-bearing lipids with different thermosensitivities at an appropriate ratio for the vesicle preparation. For example, the cloud point of the vesicles consisting of the IBAMterminated dendron lipid and the ACAM (acetamide)-terminated dendron-lipids increased with increasing ACAM-terminated dendron-lipid content because the hydrophilic nature of the ACAM group enhances the hydration of the vesicle surface. Therefore, vesicles that exhibit the response at a desired temperature region are obtainable by adjusting the ratio of these dendron-lipids. In contrast to conventional thermosensitive vesicles, which exhibit a thermal response through a gel-to-liquid crystalline transition of their membrane, 69 these dendron-lipid vesicles are a new type of thermosensitive vesicle whose destabilization is induced by the dehydration of the vesicle surface.
DENDRIMER-GOLD NP HYBRIDS
Hybrid formation with functional materials is another efficient method to impart functions to dendrimers. Using the ability of dendrimers to encapsulate various guest materials, complexes of various functions can be prepared. One attractive material for the functionalization of dendrimers via the complex formation strategy is metal NPs. In fact, several studies have investigated the production of dendrimer-encapsulated NPs of various metals 79 For applications in the biomedical field, Au NPs are attractive because of their heat-generating property under visible and nearinfrared light irradiation, which is useful for the detection and treatment of tumors. [80] [81] [82] This unique physical property of Au NPs is derived from the excitation of surface plasmons by light, designated as surface plasmon resonance and the subsequent conversion to heat. 83 Therefore, the complexation of Au NPs with dendrimers can engender the generation of new nanomaterials with photothermal functions.
Uniform Au NPs with 2-4-nm diameters are obtainable by the loading of HAuCl 4 in the PAMAM dendrimers of various generations and by subsequent reduction with an appropriate reducing agent such as NaBH 4 . 84 Considering their applications to bionanomaterials, PEG-modified PAMAM dendrimers have been used for complex formation with Au NPs. [85] [86] [87] As is the case of unmodified PAMAM dendrimers, PEG-modified PAMAM dendrimers are useful as a template for the formation of Au NPs. When AuCl 4 À ions were reduced within the PEG-modified PAMAM G4 dendrimer, Au NPs with average diameters of approximately 2 nm were generated within the dendrimer. The Au NPs encapsulating PEG dendrimers were stable even after freeze drying, most likely because the steric PEG chains isolate Au NPs within the dendrimers and suppress their aggregation between the dendrimers (Figure 7 ). 86 Additionally, it was possible to grow Au NPs in the dendrimer interior by repeating AuCl 4 À ion loading and subsequent reduction with NaBH 4 in the dendrimer interior. The Au NP size was increased from 2 to 4-5 nm, which is approximately equal to the size of a PAMAM G4 dendrimer, by repeating the Au loading process 10 times. The Au NPs encapsulated in the PEG-modified dendrimers can be activated by irradiation with visible light (l ¼ 532 nm) and can generate heat effectively. Indeed, the heat-generating ability under light irradiation increases with the increasing size of the Au NPs, not only because of the increased amount of Au NPs in the dendrimer but also because of the more efficient surface plasmon resonance of the well-grown Au NPs. 87 When cells were incubated with these PEG-modified dendrimer-Au NP hybrids, these hybrid particles are taken up by cells through endocytosis. After treatment with the hybrids, the cells were killed by light irradiation. In addition, the cells treated with the hybrids having larger Au NPs were shown to be killed more effectively under light irradiation, suggesting their possible application to photothermal therapy (Figure 8 ), and Dendrimer-based bionanomaterials K Kono considering this potential application, it is worth noting that the dendrimer-Au NP hybrids are expected to be activated under nearinfrared light, which can penetrate more deeply into the body. 88 Attempts have already been made to develop PEG-modified dendrimer-Au NP hybrids that can be activated with near-infrared light. 89 Dendrimer-based bionanomaterials K Kono
CONCLUSION
Dendrimers with a regularly branched tree-like backbone and globular shape are unique molecules that differ from conventional linear polymers. Their highly defined 3D structure makes them very attractive for use as base materials for application to various fields, including biomedical fields. To increase their usefulness and to extend the range of their application, the functionalization of dendrimers is necessary. The surface modification, molecular assembly and hybrid formation described in this article are efficient approaches to the production of dendrimer-based nanomaterials with bio-related functions. Although these nanomaterials are presently still being improved, they will contribute to the creation of future medicines, such as those that are highly target-specific and non-invasive.
